Modern tributary-junction alluvial fans (cone-shaped depositional landforms formed in confined valley settings) were analysed from a 20-km-long reach of the Dades River in the distal part of the fold-thrust belt region in the south-central High Atlas Mountains of Morocco. Here, a deeply dissected network of ephemeral tributary streams and a perennial trunk drainage characterised by an arid mountain desert climate are configured onto a folded and thrust faulted Mesozoic sedimentary sequence. Out of 186 tributary streams, only 29 (16%) generated alluvial fans at their tributary junctions. The fan-generating catchments possess higher relief, longer lengths, lower gradients, and larger areas than nonfan-generating catchments. Whilst geologically, fan-generating catchments are underlain by folded/steeply dipping weak bedrock conducive to high sediment yield. Tributary-junction fans are built from debris flow or fluvial processes into open or confined canyon trunk valley settings. The proximity of the perennial trunk drainage combined with the valley morphology produces lobate or foreshortened trimmed fan forms. Analysis of fan (area, gradient, process), catchment (area, relief, length, gradient), and tributary valley (width) variables reveals weak morphometric relationships, highlighted by residual plots that show dominance of smaller and lower gradient than expected fan forms. These morphometric relationships can be explained by interplay between the catchment and trunk drainage geology, morphology, climate, and flood regime that are combined into a conceptual 'build and reset' model. Ephemeral tributary-junction fans develop progressively during annual localised winter-spring storm events, attempting to build towards a morphological equilibrium. However, the fans never reach an equilibrium morphological form as they are reset by rare (N 10 year) large floods along the River Dades that are linked to regional incursions of Atlantic low pressure troughs. The model highlights the spatial and temporal variability of tributary-junction fan building and illustrates the connectivity/coupling importance of such features in dryland mountainous terrains.
Introduction
Alluvial fans are cone-shaped depositional landforms that form at mountain fronts or tributary junctions, reflecting different confinement settings (Harvey, 1997) . Research on mountain front fans has commonly investigated morphometric relationships between the catchment and alluvial fan, showing a linkage between morphological components and the processes that shape them (Bull, 1977) . Morphometric relationships (e.g., fan area/gradient vs. catchment area) are typically strong for mountain front fans (Harvey, 1997) but are less clear for fans at tributary junctions (Al-Farraj and Harvey, 2005) . This reflects the different confinement settings, and especially so at tributary junctions where fan formation and modification is governed by an interaction between (i) geological and morphological characteristics of the tributary catchment and the trunk valley, (ii) the trunk valley space for fan sedimentation, (iii) the sediment-water discharge relationships between the tributary and the trunk drainage, and (iv) the proximity of the trunk drainage to the tributary-junction fan (Wang et al., 2008) .
Tributary-junction fans are common in mountainous terrains where rates of sediment supply are high. Valley width and morphology in these settings are important for confinement. Glacially excavated u-shaped valleys or fault-controlled valley margins with a subsiding valley floor can produce wide valleys leading to unconfined fan development akin to mountain front settings (Leeder and Mack, 2001; Crosta and Frattini, 2004) . Thus, true tributary-junction fans are probably those associated with narrower, v-shaped trunk valleys (canyons) that are more often related to nonglaciated valleys and/or associated with active regional tectonic uplift (Wells and Harvey, 1987; Wang et al., 2008) . Key examples of research in such areas has explored the presence or absence of fans at tributary-junctions (Gómez-Villar et al., 2006; Wang et al., 2008) and the relationship between tributary-junction fan morphology and simple catchment characteristics (Al-Farraj and Harvey, 2005; Gómez-Villar et al., 2006; Wang et al., 2008) . The importance of catchment geology is highlighted in all of these studies in terms of sediment yield to the tributary-junctions and the dominant alluvial fan sedimentary process (e.g., fluvial vs. debris flow). However, catchment geology is typically treated in a simplified manner, commonly based upon spatially dominant stratigraphic formation lithologies derived from largescale regional geological survey maps without directed field observation/ measurement. Such approaches can lack sufficient consideration of rock strength and the role of catchment geology structure and stratigraphy for sediment yield. Rock strength relates to lithology and fabric (e.g., Goudie, 2006 ) that collectively influences catchment morphology, hillslope/catchment channel erosion rates, and the size of sediment being supplied to the fan (Hooke and Rohrer, 1977; Calvache et al., 1997) . The structural and stratigraphic configuration of bedrock within the catchment can further influence catchment morphology, but importantly it can enhance or suppress catchment slope-channel coupling and catchment throughput, thus affecting sediment supply to the alluvial fan and the processes on the fan (Harvey, 2002a) .
Here, we explore the controlling factors for the occurrence and morphological characteristics of modern tributary-junction alluvial fans and their catchments from the distal fold-thrust belt region of the Dades River (south-central High Atlas Mountains, Morocco: Fig. 1 ) using an integrated remote sensing and field approach. The High Atlas is a tectonically active collisional mountain belt system along the northwestern margins of the Sahara Desert (Fig. 1) . Uplift linked to ongoing plate collision has formed a deeply dissected drainage network incised into folded Mesozoic sediments. Despite high relief of 2 to 4 km, Quaternary glacier activity was highly localised (Hughes et al., 2011) , thus lacking impact on river valley morphology in the study area with a dominance of v-shaped forms linked to a dominance of fluvial and hillslope processes. Winter storms and spring snow melts provide continuous river flow in the highest order trunk drainages, but all other lower order tributary streams are ephemeral (Schulz et al., 2008; Dłużewski et al., 2013) . It is the lower order tributary streams that generate catchment sediment that is transported to the highest order trunk drainage (River Dades), where a tributary-junction alluvial fan might develop.
Not all catchments generate tributary-junction fans along the River Dades, so a first objective is to explore this relationship in terms of the upstream catchment (area, sediment storage, and geology) and the downstream trunk drainage valley (morphology, discharge, etc.) . Where tributary-junction fans occur, the relationship between the fan shape and trunk valley characteristics (valley shape, width, and proximity to the main river active channel) is explored. The tributary-junction fans and their catchment and trunk valley morphometric properties are then explored using linear regression and analysis of residuals. A conceptual model is then developed to explain the relationship between fan catchment, the tributary valley, and modern climate-related local and regional flood regime characteristics. Collectively, this approach makes an important contribution to the understanding of the coupling/connectivity roles of tributary junction fans as part of the sediment/geomorphic system (e.g., Harvey, 2002a) . It achieves this from a spatial perspective but also provides temporal insights into how variations in flood frequency and magnitude can have important impacts upon coupling/connectivity, especially in desert mountain landscapes.
Study area background
The study area forms part of the River Dades along the southern flanks of the south-central High Atlas Mountains of Morocco in NW Africa (Fig. 1) . Here, the High Atlas is configured into an intracontinental orogenic system formed by Cenozoic suturing between the North African and Eurasian plate margins (Dewey et al., 1989; Frizon de Lamotte et al., 2008) . The study area is located along the distal edge of the fold-thrust belt region of the mountain chain, an area dominated by Mesozoic rift basin sediments (Carte Géologique du Maroc, 1985) . Alpine tectonics inverted the rift basin resulting in thrust faulting/folding and creation of the High Atlas mountain topography with relief varying from 2 to 4 km (Beauchamp et al., 1999; Teixell et al., 2003) . The timing and mechanisms for relief generation are widely debated but recent work using river long profiles suggests that the origins of the modern drainage network can be linked to enhanced Plio-Quaternary uplift (Boulton et al., 2014) . However, modern seismicity is infrequent and of low magnitude, with historical earthquakes of b4.9 distributed~10 km downstream of the study area along the South Atlas Mountain front region (Medina and Cheraoui, 1991) . Thus, tectonics has created the drainage network in which the study area tributary fans occur but low levels of historical seismicity suggest that active tectonics play a low-negligible role in fan sediment supply (e.g., via earthquake-related landslides: Hughes et al., 2014) , with climate being the principal driver.
A series of regional fold and thrust fault structures dominate the tectonic configuration of the study area (Fig. 2) . In upstream study reaches an open and low gradient symmetric anticline and syncline exists. In middle reaches, an asymmetric syncline with a near vertical SE limb and gentler dipping NW limb occurs. In the downstream reach the asymmetric syncline becomes thrust faulted. This structure controls the drainage network configuration, with the River Dades routed down the fold axes and tributary streams developed onto the fold limb dip slopes (Stokes et al., 2008) . This structural pattern primarily affects a sequence of Jurassic sedimentary bedrock (Fig. 2) , dominated by marine carbonates (limestone and mudstone) with subordinate terrestrial conglomerate, sandstone, and pedogenically altered mudstone (Table 1) .
Furthermore, the stratigraphic configuration and bedrock lithology are significant for influencing the sediment supply from the tributary drainage network and the tributary/trunk drainage valley morphologies. Valley morphology varies according to structure and lithology. For example, thrust faulted Jebel Choucht Formation limestone (Pliensbachian marine: Fig. 2 ; Table 1) in downstream reaches has resulted in a structurally thickened sequence into which vertical fluvial incision has dominated, forming narrow and deeply incised canyons (Stokes et al., 2008) that confine space for tributary-junction fan formation. In contrast, the more open folded areas with normal stratigraphic thicknesses in middle and upstream reaches form wider valleys providing more space for tributary-junction fan sedimentation. This is especially evident from the mudstone-dominated Ouchbis Formation (Pliensbachian marine: Fig. 2 ) in the middle study reach areas. Similar lithology-morphology relationships are evident for sediment supply and storage, which tends to be greater in weaker bedrock areas (e.g., mudstone). Sediment supply relates bedrock erodibility but also the relationship between bedrock dip and a channel (slopechannel coupling: sensu Harvey, 2002a) . In the study area, weak lithologies (e.g., mudstones) or lithologies with a high degree of heterogeneity (e.g., thin interbeds of limestone and mudstone) tend to readily erode. If these litholgies are part of a hillslope that dips directly or obliquely into a channel, then sediment supply can be high and further enhanced by slope undercutting and material translation (e.g., Weissel and Seidl, 1997) . In contrast, slopes that dip obliquely or away from the channel supply less sediment. Relationships between lithology and valley morphology have been examined within parts of the study area by Dłużewski et al. (2013) but not in the context of alluvial fan sites.
The detailed study area is 20-km-long and covers an area of 500 km 2 (Fig. 3A) . Within this area the topography reaches a height of 3198 m at the drainage divide in the northwest and a lowest elevation of 1686 m in the southwest in the valley floor of the 'Main Dades Gorge'. The River Dades is perennial (Fig. 4A-C) flowing SW through the study area (Fig. 3A) . Discharge measurements are only available from the Ait Moutade gauging station (UTM = 30R 215207 E; 3479564 N), some 20 km downstream of the study area. Here, the average daily discharge is~33.3 m 3 /s with peaks linked to winter-spring precipitation (Schulz et al., 2008; Dłużewski et al., 2013) . The rainfall and discharge are characteristic of a semiarid mountain climate but with a marked altitude gradient; with 200 mm annual precipitation upstream at Msmerir (2000 m altitude) reducing to 150 mm downstream at Boulmane du Dades (1526 m) (Schulz et al., 2008; Dłużewski et al., 2013) . Lower order streams that form NW-SE orientated tributaries to the River Dades (Fig. 3A) are ephemeral and are only activated by rare, often localised storm events (Dłużewski et al., 2013) . This contrasts with the River Dades whose perennial flows are linked to annual winter-spring snow/rain precipitation in higher altitude watershed regions (Schulz and de Jong, 2004) and rarer convective storm events that affect the desert region of NW Africa (Fink and Knippertz, 2003; Knippertz et al., 2003) . Tributary channel floors comprise mixed bedrock and gravel alluvial reaches (Fig. 4A , B, D). Knickpoints are common along the tributary streams and can be several metres high, normally associated with strong and thick limestone units (Fig. 4D ). Tributaries usually display highly stepped channel morphology, especially in bedrock reaches, reflecting variations of lithological strength within some of the geological formations in the study area (e.g., Tafraout and Bin El Ouidane Formations). Some tributary catchments are dominated by alluvial reaches, including occurrences of tributary junction alluvial fans (Figs. 3B and 4A-C). Other tributary channel catchments are dominantly bedrock, suggesting limited sediment supply or that sediment generated is efficiently transported into the trunk drainage. Catchment slopes lack vegetation cover, comprising bare rock and patches of thin (dm-scale) soil and/or slope colluvium that collectively enhances opportunities for high sediment yields from tributary catchments. Where present, catchment vegetation is of a steppe type at lower altitudes with rare trees above ca. 2400 m (de Jong et al., 2008) .
Much of the River Dades valley floor is characterised by a gravel floodplain/terrace that has been locally reworked for agriculture (Fig. 4B) . The river can be incised by several metres into this valley floor. Where they occur, the tributary-junction alluvial fans build out over and onto the floodplain/terrace surface. The floodplain/ terrace can be occupied during flood events and the sediments can be reworked. The fans are modern to Holocene features, postdating inset Quaternary river terraces and rare, exceptionally large tributary fan features (Fig. 4E ).
Methods

Remote sensing and field survey
Research was conducted using an integrated remote sensing and field approach that specifically targeted the distal part of the foldthrust belt region of the mountain belt. Here, tributary-junction fans are relatively common features; and there is consistency in morphological setting, bedrock geology, structure, and uplift history that are typical of similar orogenic zones in the broader High Atlas region and similar collisional mountain belts worldwide. The remote sensing utilised satellite imagery (Landsat, SPOT), digital elevation model datasets (30 m/ 90 m SRTM), 1:40,000 black and white vertical aerial photos (ANCFCC, 1997), topographic maps (Carte du Maroc, 1968a,b) , and geological maps (Carte Géologique du Maroc, 1990 , 1993 using the Arc GIS (10.1) and Google Earth (Pro) platforms. These data sets were used to map the drainage networks, catchment areas and tributary-junction settings. Field walkover surveys were conducted to verify remote sensing analyses. This involved targeted mapping and surface profiling of fan and nonfan catchments and tributary junction settings using a Trupulse laser range finder and a Trimble Geo-XH GPS.
Rock strength
Bedrock geology is significant for (i) drainage network/catchment configuration, (ii) sediment supply to the trunk drainage (e.g., Stokes et al., 2008; Dłużewski et al., 2013) , and (iii) control on trunk valley morphology. Within the study area, the bedrock geology is represented by 13 different stratigraphic units ( Two strength types were identified based upon (i) qualitative strength properties (above) and (ii) quantitative in situ mass strength measurements using a Schmidt hammer (Goudie, 2006 ) (measurements from multiple locations comprising 32 impact readings, removal of highest and lowest 'outliers', and expression of an average rebound value):
Type 1 -massive crystalline limestone or cemented conglomerates or sandstones with Schmidt hammer values of 40 to 60. Rock surfaces display minimal discolouration. Rock weathers/erodes into decimetre blocks or slabs.
Type 2 -poorly cemented sandstone, siltstone, and mudstone with Schmidt hammer values of b30. Rock surfaces are discoloured, and rock mass possesses a well-developed fissile fabric conducive to granular weathering characterised by marked disintegration.
The study area geology was remapped using GIS according to strength type (Fig. 5B ). This in turn enabled a catchment rock strength classification to be determined (Fig. 5C ). Catchments that comprised N70% of type 1 were considered to have a 'strong' rock strength, 50 to 70% type 1 as 'intermediate' strength, and b50% type 1 as 'weak' strength. Comparison of catchments that generated fans and those that did not enabled the role of rock strength for tributary fan formation to be explored.
Catchment, trunk valley drainage and tributary fan variables
For each tributary fan and its surrounding area a range of morphological and geological components were described in relation to the (i) catchment, (ii) trunk valley drainage, and (iii) tributary fan variables. (i) Catchment variables included area, length, relief, sediment storage, and rock strength. The area, length, and relief characteristics were manually mapped and quantified using satellite imagery in GIS and Google Earth Pro followed by targeted field survey verification. The areas of fan catchments vs nonfan catchments were compared in order to see if a size threshold for generating a fan. The rock strength component (Section 3.2) was utilised in order to explore whether fan vs. nonfan-generating catchments were characterised by specific rock strength characteristics. The valley floors of the tributary catchment drainage network were mapped according to bare rock or alluvial sediment coverage. This was to investigate controls on sediment yield (hillside supply, storage, and throughput) for generating fans and their morphological characteristics. (ii) Trunk valley drainage variables included the presence/absence of tributary fans in the trunk valley, valley width, morphology, bedrock geology, and strata dip. Valley morphology and width were quantified to explore the space available for fan sedimentation.
The bedrock geology underlying a given reach where a tributaryjunction fan occurs was also considered in order to examine whether the bedrock geology controlled trunk valley morphology and therefore space for tributary-junction sedimentation, a passive control on fan development and shape. Valley morphology is illustrated using type sections representative of the typical valley morphologies encountered throughout the study area. The bedrock geology of the trunk drainage valley was assessed by field measurement of the dip/dip direction of the strata and its local relationship to fan position and shape. The fan-bedrock dip/direction relationships were classified as (i) syn-dip fans (bedrock dips with fan surface), (ii) anti-dip fans (bedrock dips 90°against fan surface), and (iii) oblique dip fans (bedrock dips at an oblique angle to the fan surface). The fan shape categorisation involved a classification into (i) trimmed, where a proportion of the fan body has been removed by erosion from the trunk drainage, and (ii) lobate, demonstrating unconfined fan sedimentation onto the valley floor. These shape classifications demonstrated the ability of the trunk drainage valley morphology, width, and flood regime to promote or inhibit fan formation or to modify a fan once created. (iii) Tributary-junction fan variables included fan location, spacing, shape, area, gradients, and process. Fan shape and areas were mapped using satellite imagery with verification from a field walkover survey to verify accuracy. Fan gradient and process were Table 1 assessed from the field survey where fan surface morphology (planar vs. undulating) and sections through fan sediments were used to classify fan formation from debris flow or fluvial processes. Debris flows were characterised by poor sorting, matrix support of larger clasts, a lack of sediment fabric/organisation, and an undulating/lobate fan surface morphology. Fluvial processes were characterised by better sorting, clast supported and imbricated fabrics, stratification, and a relatively smooth/flat fan surface morphology. Classification of fan processes allowed for more detailed exploration of the process-form relationships that commonly exist for alluvial fans, including those at tributary junction settings (e.g., Harvey, 1997; Al-Farraj and Harvey, 2005) .
Morphometric analyses
The morphological characteristics of the tributary-junction fans were explored further using qualitative and quantitative analyses. The qualitative analyses involved examining the graph plots of (i) valley width and fan shape, (ii) the dip of bedrock geology strata and fan process, (iii) fan area and process, (iv) fan gradient and process, (v) catchment area and fan process, and (vi) catchment gradient and relief. The quantitative analyses followed standard alluvial fan morphometric approaches (e.g., Harvey, 2002b) and involved regression that explored the significance of relationships between the respective dependent and independent variables of (i) fan and catchment area, (ii) fan gradient and catchment area, (iii) catchment length, gradient, and relief, (iv) fan area and fan gradient, and (v) catchment/fan area ratio and valley width. The residuals (deviations from the predicted best fit line) of the catchment area vs. the fan area and the catchment area vs. fan gradient regressions (Harvey, 2002b) were then calculated and plotted graphically in order to explore further whether fans displayed certain gradient and area characteristics that could be related to the catchment (e.g., sediment yield) and/or trunk valley components (e.g., confinement).
Results
Catchments
The 504-km 2 study area comprised 186 tributary catchments that drained into the River Dades trunk valley (Fig. 3) . Summary of the morphological characteristics of these catchments are presented in Table 2 and Fig. 6 . The tributary catchments ranged from 161 to 0.003 km 2 , with catchment areas of b1 km 2 being the dominant size (86%) (Fig. 6A) . Relief of these catchments varied from 1515 to 41 m (Fig. 6B) , whilst catchment length ranged from~18.9 km to~110 m (Fig. 6C) . Combined, these produced catchment gradients that varied from 0.08 to 0.96, with catchments of b0.5 dominating (74%) (Fig. 6D ). Tributary catchment drainage is routed SE or NW into the River Dades trunk drainage (Fig. 3A) configured to the regional fold structures (Fig. 2; Stokes et al., 2008) . Tributary catchments appear to be equably positioned onto both limbs of the regional fold structures (NW = 51% vs. SE = 49%). Catchment geology is dominated by three stratigraphic units comprising the Tafraout (25%), Bin El Ouidane (~23%), and Aberdouz Formations (~17%) (Fig. 5A) . For a given catchment, the alluviated reaches have limited spatial occurrence comprising b3% of the catchment area.
Of the 186 catchments, only 29 (16%) generated alluvial fans at the tributary junction with the River Dades (Fig. 7) . The characteristics of the fan-generating catchments are presented in Tables 2 and 3 . Fan generating catchments cover a total area of~120 km 2 , some 24% of the study area (Fig. 3A) . When all catchments are considered (Fig. 6B) , reliefs of N578 m appear to be more likely to produce fans; and these fan-generating catchments appear to be characterised by higher relief, longer lengths, and lower gradients than nonfan-generating catchments ( have alluvial fans within their catchments suggesting high rates of sediment supply and storage. However, the largest of all tributary catchments are ones that do not generate tributary-junction alluvial fans. These catchments have the highest coverages of alluviated reaches (2.3 to 2.7% of a given catchment area) and contain the largest numbers of within-catchment tributary fans (32 to 62). This suggests that once catchment areas get to a certain size (here N29 km 2 ) they have a greater potential to store sediment, suppressing tributary junction fan formation despite the potential for generating larger flood discharges.
Trunk valley
The trunk valley is occupied by the River Dades and its floodplain whose valley has a general NE-SW orientation occupying the axis of Table 2 Tributary catchment morphological characteristics for (i) all catchments, (ii) no-fan-generating catchments, and (iii) fan-generating catchments.
Area (km)
Relief ( one of the regional synclines ( Fig. 2 ; Stokes et al., 2008) . The trunk valley comprises relatively straight and highly sinuous reaches (Fig. 3A ) that appear to be related to combinations of rock strength, stratigraphic arrangement and structural configuration of the bedrock sequence. Straighter reaches are associated with tectonically thickened strong limestone-dominated bedrock canyons (Stokes et al., 2008) , whilst higher sinuosity reaches are associated with interbedded limestonemudstone and sandstone-mudstone arrangements that are gently dipping. The width of the trunk valley floodplain is important for providing the space for fan construction. Basal valley widths vary between 9 and 265 m (mean = 112 m) (Fig. 8A) . Narrower valleys (i.e., those b112 m) are typically associated with limestone of the Jebel Choucht Formation (mean width = 65 m), forming box-like or v-shaped canyon morphologies (Fig. 8A, B) . Wider valleys (N112 m) are associated with the interbedded limestone-mudstone units of the Ouchbis Formation (mean width = 161 m) forming more open shaped morphologies (Fig. 8A, C) . The fan and no-fan tributary-junction sites appear distributed across the full range of valley width values (Fig. 8A) . However, this simple approach does not reveal any obvious relationships between fan size and valley width, despite the commonly stated importance of valley confinement in tributary-junction fan research (e.g., Al-Farraj and Harvey, 2005; Gómez-Villar et al., 2006; Wang et al., 2008) . This relationship is explored further in Sections 4.3 and 5.4.
Tributary-junction fans
The 29 tributary-junction fans have a spacing distribution of between 0.2 and 3.5 km (mean = 1.2 km) along the length of the River Dades (~32.5 km) (Fig. 7) . There is some geological explanation since some 59% (n = 17) of the fans are distributed at b 0.9-km intervals along the trunk valley dominated by the limestone-mudstone interbeds of the Ouchbis Formation. This contrasts with the limited fan occurrence where the trunk valley is made of Jebel Choucht Formation limestone (10%/n = 3), where the fans are distributed at~2-km intervals. Thus, stronger bedrock suppresses drainage network development and therefore impacts upon the potential for tributary-junction fan development, whilst weaker bedrock enhances it.
Tributary-junction fan mapping allowed two shape classifications to be determined: (i) trimmed and (ii) lobate (Fig. 9 ). These classifications were based upon whether the fan was longitudinally and/or laterally confined by the trunk valley into which it was building and its proximity relationship to the River Dades active channel. Trimmed fans were least common (17% ; Table 3 ) and tended to be associated with areas dominated by limestone (e.g., Jebel Choucht and Bin El Ouidane Formations). These limestones form canyon-like valley reaches with variable but typically narrow valley widths (average =~79 m) and often high and steep, sometimes vertical canyon walls (e.g., Fig. 4A ). Such configurations lead to a more dynamic interaction between the tributary fan and River Dades, resulting in confined fan development and fan toe erosion. Lobate fans were the most common fan shape (83%). Fan construction is both laterally and longitudinally unconfined into wider valley reaches dominated by the limestone-mudstone interbeds of the Ouchbis Formation (average =~159 m) and with little influence from the River Dades active channel (e.g., Fig. 4B ). However, despite these lithological controls on valley shape and width and how these in turn influence fan shape, the role of valley confinement for fan building remains unclear. This is explored further in Section 5.4.
Field mapping and surveying of the tributary fans enabled fan area and surface gradient quantification (Table 3 The sedimentary processes that constructed the tributary-junction fans are debris flow and fluvial processes ( Fig. 11; Table 3 ). Fans constructed from debris flows were dominant (73%), although some of these fans showed mixing with subordinate fluvial processes. Comparison of fan process with fan area and gradient revealed some relationships (Fig. 10) . A weak visual relationship was evident for fan area and process, with larger fan areas more commonly being characterised by fluvial processes and smaller fan areas by debris flows. A stronger visual Table 3 for data set classification assignment.
relationship exists between fan gradient and process, where steeper fans are dominated by debris flow processes. The relationship between fan gradient and process is further enhanced by considering the passive configuration of the bedrock. Syndip geology should enhance sediment supply producing more debrisflow-dominated processes. Syn-dip debris flow fans were the dominant process-dip configuration (Fig. 12) . However, for fluvial fans alone, the process-dip configurations showed a more equable distribution but with a dominance of syn-and oblique syn-dip types. This difference might be explained by bedrock dip and strength combinations. When the rock strength of tributary-junction fan catchments in relation to process is considered ( Fig. 5C; Table 3 ), debris-flow fans are dominated by weak rock strengths (average percent catchment strength: weak = 59, intermediate = 21, strong = 21), whilst fluvial fans show a more equable strength distribution (average percent catchment strength: weak = 40, intermediate = 30, strong = 30). This suggests that catchments with proportionally weaker rock are more likely to generate fans built by debris-flow processes. When process is considered alongside rock strength and bedrock dip, debris-flow fans are dominated by weak rock syn-dip relationships, whilst fluvial fans are typically characterised by stronger rock strength and more mixed dip relationships. This suggests that fan processes are controlled by combinations of rock strength and dip.
Morphometric analyses
Catchment area vs. fan area and gradient analyses
Morphometric analyses enabled a quantitative examination of the tributary-junction fan morphological relationships. Standard approaches involve regression of the fan area (F) and gradient (G) with respect to catchment area (A) using the following equations:
The visual appearance of the regression (Fig. 13A, B) suggests (i) a positive relationship between fan and catchment area, where bigger catchments tend to produce larger fans (Fig. 13A) ; and (ii) an inverse relationship between catchment area and gradient exists, where smaller catchments produce steeper fans (Fig. 13B) . However, the correlation coefficient values are low (Table 4) suggesting weak but significant (N95%) statistical relationships. This can be further explored through examination of the regression exponent (p, a) and coefficient (q, b) values (e.g., Harvey, 1997) .
For the fan area vs. catchment area analysis, the 0.003 p and 0.342 q values suggest that fan area is undersized compared to catchment area, falling outside of the p = 0.14-2.9 and overlapping marginally with the lower range of q values (0.33-0.66) cited from other tributary junction fan studies (e.g., Crosta and Frattini, 2004; Al-Farraj and Harvey, 2005) . The p and q values are commonly considered to be a function of fan history, catchment lithology and space for fan sedimentation (e.g., Hooke and Rohrer, 1977; Lecce, 1991; Harvey, 1997) .
For the fan gradient vs. catchment area analysis, the 0.021 a and − 0.196 b values suggest that the fan catchment areas are producing lower-than-expected fan gradients, falling outside of the a = 0.091 to 0.22 and overlapping marginally with the b = −0.12 to −0.21 ranges of other tributary-junction fan studies (Crosta and Frattini, 2004; Al-Farraj and Harvey, 2005) . The a and b values are often associated with lithology, depositional processes, and base-level change controls (Harvey, 1997) .
Catchment relief, gradient, and length vs. fan area and gradient
Analysis of catchment relief, gradient, and length has previously shown that fan-generating catchments have higher relief, longer lengths, and lower gradients than nonfan-generating ones (Section 4.1: Fig. 7 ). Morphometric analysis of the fan generating catchment relief, gradient, and length characteristics allows further exploration of fan area and gradient relationships.
The visual appearance of the regression plots suggests (i) a positive relationship between fan area and catchment relief (Fig. 13C) , fan gradient and catchment gradient (Fig. 13F) , fan area and catchment length (Fig. 13G) ; and (ii) a negative relationship between fan area and catchment relief (Fig. 13D) , fan gradient and catchment gradient (Fig. 13E) , and fan gradient and catchment length (Fig. 13H) . However, the correlation coefficients continue to show weak relationships and in this instance with variable statistical significance ( Table 4) .
The strongest (but still weak) relationship (Table 4) similarly weak (to moderate) relationships between fan morphology and catchment relief, gradient, and length.
Fan area vs. fan gradient
The analysis of fan and catchment morphological variables is a standard approach for alluvial fan research (Harvey, 1997) . However, variables of fan morphology can also be analysed by regression. Plotting fan area against fan gradient shows a clear negative visual relationship (Fig. 13I) where larger fans are associated with lower gradients. This analysis shows the strongest correlation coefficient and statistical significance (Table 4) .
Fan area vs. fan gradient relationships are commonly explained by sedimentary processes where debris-flow fans typically are characterised by small areas and steep gradients contrasting with larger and less steep fluvial fans (e.g., Harvey, 1997 ). This appears to be the case for this study, although the absence of a very strong relationship warrants further consideration (see Sections 6 and 7).
Fan and catchment area ratio vs. valley width
Valley width provides the space for tributary-fan sedimentation, with wider valleys offering greater potential for fan building, contrasting with confinement by narrower valleys that provide more opportunity for tributary-fan interaction with the trunk drainage (toe trimming or complete removal; e.g., Wang et al., 2008) . Simple visual analysis of fans and valley widths (Section 4.2) shows fan distribution across the full range of valley widths (Fig. 8A) . However, this approach does not take into consideration fan size in relation to valley width. This can be explored using the ratio of fan to catchment area and plotting them against valley width. This analysis generates a weak positive, but statistically valid relationship ( Fig. 13J; Table 4 ) suggesting that fan size increases with valley width, confirming a valley confinement influence on fan building.
Residual analysis
The analysis of residuals (deviations from the predicted best fit line) from the fan and catchment regression is an approach that can be used to further explore fan morphology (e.g., Harvey, 2002b; Al-Farraj and Harvey, 2005) . The approach uses the regression analyses for fan area and gradient against catchment area (Table 4) .
The residual plots reveal that the tributary fans are smaller and of lower gradient than predicted, and these occur in three main groups (Fig. 14A ): (i) small-steep fans, (ii) small low gradient fans, and (iii) large low gradient fans, with a notable absence of large steep fans. When the groups are considered in terms of sedimentary process (Fig. 14B) , it seems that debris flow fans dominate the small-steep group and fluvial fans tend to plot in the lower gradient groups. When rock strength is considered, catchments dominated by weak bedrock tend to relate to small-steep fans (Fig. 14C ) that are those dominated by debris flow processes (Fig. 14B) . In contrast, catchments dominated by strong or intermediate bedrock plot in the lower gradient groups, with a higher proportion of fluvial fans. Rock strength also influences the trunk valley and catchment morphologies. This is especially the case in canyon settings where canyons produce a confined space for fan development and markedly stepped stream profiles within lower parts of the catchments in close proximity to the canyon walls, often suppressing sediment supply. Fans that form in confined valley settings occupy the 'small area' groupings (Fig. 14D) , suggesting that valley width has some confinement control on limiting sediment supply. Bedrock lithology also has a passive configuration influence concerning the dip of the bedrock with respect to the catchment and trunk valley. Antidip fans dominate the lower gradient groups, whilst syn-dip groups dominate the smaller area groups (Fig. 14E) .
Although the residuals are distributed into three broad groups, notable outliers occur such as fan 13 (Fig. 14A) . This fan is a very large and low gradient form and is unique in that it is incised into a relict Quaternary fan (Fig. 4E) and is reworking the relict fan sediment into the modern fan. This forms a substantial area of extensive fan backfilling and storage (Fig. 7) . A group of four fans (Fig. 14A) are additional large and low gradient outliers, but these have no clear explanation beyond speculation, warranting further exploration beyond the scope of this research. Explanations could relate to a large landslide that is found in the catchment area of fan 4, whilst fan 17 has considerable human modification as it occupies the main route into the village of Tizguin.
Discussion
Fan vs. nonfan-catchment characteristics
Factors that control the absence or generation of tributary-junction fans have been considered by previous authors (e.g., Gómez-Villar et al., 2006; Wang et al., 2008) . These studies highlight the role of catchment morphological and geological characteristics for generating tributary-junction fans. This study shows similar relationships. Morphologically, the studied tributary catchments show that fan-generating catchments have higher relief, longer lengths, lower gradients, and larger areas. Whilst geologically, the fan-generating catchments typically comprise weaker bedrock, have greater catchment sediment storage, and are more commonly configured to the gentler fold limb of the regional syncline.
Catchment morphological characteristics are considered important for sediment yield to construct alluvial fans (Oguchi and Ohmori, 1994) . In this study relief and area thresholds for sediment yield are evident, where tributary-junction fans are more commonly created when catchment relief is N 578 m and area is N0.88 km 2 . However, an upper catchment area threshold value is apparent where catchment areas above 28 km 2 do not create tributary-junction fans. These larger catchments have evidence for greater upstream catchment sediment storage capacity, and they would also possess a better ability to generate larger flood discharges that prevent fan formation upon interaction with the high discharges of the trunk River Dades. Similar catchment area size values and threshold relationships for tributary junction alluvial fan formation have been recorded by Wang et al. (2008) . Catchment geological characteristics primarily relate to lithology where weaker bedrock such as mudstone is considered to be more erodible with higher sediment yield potential (e.g., Bull, 1962) . In this study, catchments dominated by weak strength bedrock generate sufficiently large sediment yields to construct a tributary-junction fan. Such bedrock, particularly characterised by the Ouchbis Formation, tends to have a better-developed and more closely spaced discontinuity pattern, meaning a greater likelihood of weathering and the development of much denser catchment drainage network (Hooke and Rohrer, 1977; Calvache et al., 1997) . This elevated catchment erodibility in turn forms larger catchment areas and a greater potential for higher sediment yields and thus enhanced alluvial fan development. Evidence for high sediment yield within the fan-generating catchments can be seen from areas of tributary valley floor sediment coverage. These storage areas are coincident with valley sides comprising weak and intermediate strength bedrock. The hillside sediment supply occurs by shallow translational mass movements along bedding planes that dip into the tributary channel streams. This arrangement is an effective hillslopechannel coupling configuration (Harvey, 2002a ) that enhances sediment supply into stream channels (Weissel and Seidl, 1997) . The bedrock dip is related to the large fold structures of the study area (Fig. 2) , and catchments that form tributary junction fans are dominantly associated with gentler fold limbs. The morphological development of alluvial fans associated with actively growing fold structures has been considered by Bahrami (2013) . However, in terms of this study the structural control is considered to be tectonically passive where the fold structure simply provides catchment gradients (syn-dip vs. anti-dip) that enhance or limit catchment morphological characteristics and sediment supply. Further hillslope sediment supply is derived from large landslide complexes that occur within some of the catchments that generate tributary fans. These too appear to have some relationship to the regional bedding plane dips associated with the regional fold structures, but unlike some tributary fan studies (e.g., Crosta and Frattini, 2004) their impact upon sediment supply and tributary fan formation relationships are unclear and warrant further investigation beyond the scope of this study. Hillslope sediment supply and valley floor sediment storage is most commonly located in the most distal (downstream) parts of the fangenerating catchments meaning that sediment is ready to be supplied to the fan when a flood event occurs.
Trunk valley controls on tributary-junction fan development
Key studies of tributary-junction alluvial fans comment upon the importance of the confinement setting of the valley into which the tributary-junction fan can build (e.g., Gómez-Villar et al., 2006) . Valley width limits the space for fan progradation (Gómez-Villar et al., 2006) , whilst the trunk drainage stream power will influence storage or reworking of tributary sediment (Bull, 1979; Wang et al., 2008) . This study also suggests that valley width and particularly the proximity of the trunk river channel to the tributary junction are key controlling factors for fan development, especially in confined valley settings. The River Dades normally occupies a limited width of the valley floor reflecting the perennial low flow discharge conditions typical of the semiarid mountain setting of the study area along the NW margins of the Sahara. Flooding of the entire valley floors is exceptionally rare apart from within the confined canyon settings (widths b 79 m) during the winter rainfall and higher altitude snowmelt periods. Tributary fans within these canyons (e.g., fan 1) are smaller and display trimming suggesting that these confined reaches, with their higher stream powers, have a greater ability to rework the high sediment yields supplied by the tributaries. Indeed, several tributary fans associated with canyons may have temporarily blocked the trunk valley (e.g., fan 28) before being breached and re-worked by the River Dades, a phenomenon that has been reported from other tributary-junction fan studies following low frequency and high magnitude dryland flood events (Schick and Lekach, 1987) . During regular field visits to the study area since 2004 a number of floods have passed through the study area, typically during winter. These floods have had little impact upon the tributary fan shapes/morphologies, although some minor changes associated with incision/aggradation on the fans themselves and some minor distal fan erosion in confined canyon settings have been noted. This is supported when observing different time series of Google Earth imagery of the study area.
Tributary-junction fan morphological relationships
Studies of tributary-junction fans clearly highlight the importance of catchment properties for (i) generating fans, (ii) influencing fan processes, and (iii) controlling fan morphological properties (Crosta and Frattini, 2004; Al-Farraj and Harvey, 2005; Gómez-Villar et al., 2006; Wang et al., 2008) . In this study the relationships between morphometric properties of the catchment and fan, as well as the processes that build the fans, appear to be apparent on a visual/qualitative basis but less clear from quantitative analysis.
The visual qualitative relationships show that the tributary-junction fans are typically small and steep and mainly built from debris-flow processes. Tributary fans dominated by fluvial processes were less common, but these were on the whole larger and of lower gradient that the debris-flow fans (Fig. 10B) . These relationships are related to the strength and dip of the catchment bedrock geology, especially for fans dominated by debris-flow processes which are related to catchments dominated by weak bedrock with sediment supply enhanced by bedding planes that dip with the drainage gradient. These kinds of process-morphological relationships have been observed in several Quaternary and modern fan studies from confined and unconfined settings in a range of climatic settings (e.g., Harvey, 1997; Levson and Rutter, 2000; Crosta and Frattini, 2004) .
Quantitative analysis of morphometric properties through regression reveals (i) weak positive relationship between catchment area and fan area and (ii) a weak negative relationship between catchment area and gradient. Although these morphological relationships are weak, they are statistically valid and are inkeeping with alluvial fan research (e.g., Harvey, 1997) . Process-form relationships are normally strong for alluvial fans (Harvey, 1997) ; but here they are lacking, or where present, are very weak at best (Fig. 13) . The only relationships appear to relate to lower catchment gradients (Fig. 13E, F) and longer catchment lengths (Fig. 13G, H) which seem more likely to form fluvial fans that possess larger fan areas and lower fan gradients. The absence of process-form relationships could be related to sample size or preservation issues associated with tributary fans.
Analysis of the regression exponents, coefficients, and residuals (Figs. 12 and 13) suggests that the tributary fans are smaller and lower gradient than expected. This could be explained by a combination of catchment and trunk valley controls.
Catchment controls: The formation of smaller and lower gradient than expected tributary fans could be explained by sediment type (size/composition) and yield in relation to catchment rock strength, storage, and throughput. Weak bedrock dominates the tributary fan catchments, and this seems to be important for producing small-steep debris-flow-dominated fans according to the residual plot distributions (Fig. 14B, C) . In contrast, intermediate-strong bedrock tends to form lower gradient fluvial fan forms (Fig. 14) . These rock strength and process observations are in-keeping with numerous studies of fan process and catchment lithology (e.g., Harvey, 1997) . This potential for tributary sediment yield is further evident from catchment storage, with some 48% of fan-generating catchments showing evidence for storage (Table 3) . Most of the sediment storage areas are in lower catchment reaches and directly connected to the fans (Fig. 7) , enhancing fan sediment supply. However, fans dominated by strong limestone bedrock in lower parts of their catchments have canyon reaches (e.g., fans 1 and 28) where morphological (knickpoints) and sedimentological (boulder jams) bottlenecks occur, suppressing weaker strength sediment yield from upstream.
Trunk valley controls: the formation of tributary fans that are smaller and lower gradient than expected could be explained by trunk valley confinement and interaction of the tributary sediment yield with the trunk drainage flow. Although fan size increases with valley width (Fig. 14J ) suggesting confinement control (e.g., Gómez-Villar et al., 2006) , the fans are clearly undersized; and this relates to a combination of confinement and how this influences the proximity and behaviour of the trunk drainage. Either the fans are (i) building to the space available but are then being eroded due to the proximity of the trunk drainage, (ii) the fans are never building to their optimum size for the space available because of consistent trunk drainage erosion, or (iii) a combination of (i) and (ii). Fan shapes suggest that interaction between the tributary and the trunk drainage is a common occurrence, especially within the more highly confined canyon settings. In less-confined settings, the fans have space to prograde, but this is dependent upon the tributary fan catchment yield and interaction with the trunk drainage flow. It is probable that the fans are still evolving and will adjust their size or gradient through time to fit the regression predictions. However, the time scale in relation to fan history is significant here. The tributary fans are located within a trunk drainage that has a complex, longer-term climate (sediment supply) and tectonic (base-level lowering) history over the Plio-Quaternary (Stokes et al., 2008; Boulton et al., 2014) . However, the tributary fans show little evidence for long time scale dynamics, lacking the complex inset surfaces described by many Quaternary fan studies (e.g., Silva et al., 1992) . Large Quaternary fan forms are evident in the study area (Fig. 4E ), but they are abandoned relict features, whose surfaces now form parts of tributary fan catchment areas. Thus, the fans are modern or Holocene at best features whose dynamics are more closely linked to the contemporary climate and flood regime variability patterns.
Tributary-junction fan build and reset model
The weak morphometric characteristics of the tributary fans and their catchment areas suggest interplay between the tributary catchments and the trunk valley Dades River. Clearly, tributary catchments of a certain size, relief, and gradient that are dominated by weak bedrock geology with a syn-dip configuration are the most prone to supplying sufficient sediment to a tributary junction for fan development, agreeing with other tributary fan studies (e.g., Gómez-Villar et al., 2006; Wang et al., 2008) . Tributary fan building will only occur where interaction with the trunk drainage is minimal (e.g., Wang et al., 2008) . For the River Dades interactions are more likely in confined canyon settings dominated by strong bedrock and less common in wider, more open valley settings dominated by weak bedrock.
The catchment-trunk valley morphological-geological relationships are important for providing the landscape framework conducive for tributary-junction fan formation; however, fan development further depends upon tributary and trunk drainage flood regime that are controlled by the precipitation and flood regime variability of the desertmountain climate that typifies the southern-central High Atlas. Here, precipitation is normally associated with three weather systems: (i) winter-spring storm tracks from the Mediterranean, (ii) summerautumn storms from south of the Sahara, and (iii) rare low pressure troughs from the Atlantic . The fluvial response to these weather systems is variable but typically dominated by annual winter-spring occurrences (Schulz et al., 2008) . These include sustained precipitation and snowmelt in high elevation (2-4 km) catchment locations providing a steady but diminishing perennial discharge along the Dades River (Schulz and de Jong, 2004; Schulz et al., 2008; Dłużewski et al., 2013) . Winter-spring precipitation also generates frequent localised storms throughout the Dades catchment that activates the ephemeral tributary streams (Dłużewski et al., 2013) providing some flow contribution to the perennial Dades River. Less common, but of more significant geomorphic impact, are the rare precipitation events that occur on decadal or longer time scales linked to the incursions of Atlantic troughs . These regional weather systems activate entire catchments, generating flow in the normally ephemeral tributaries and highly elevated flood discharges through the perennial Dades River (Fink and Knippertz et al., 2003; Schulz et al., 2008; Dłużewski et al., 2013) .
The interplay between the ephemeral tributaries and the perennial River Dades in the study area is presented in Fig. 15 , providing an important insight into the spatial and temporal variability of tributaryjunction fans and their role in coupling/connectivity within sedimentgeomorphic systems. Perennial flow in the River Dades remains low for prolonged periods, with annual snowmelt and groundwater sustaining the low flow conditions in the arid climate. These climate and discharge relationships result in limited annual geomorphic activity by the River Dades in the trunk valley. In contrast, the ephemeral tributary catchments can be activated by the localised winter storms resulting in tributary fan building but only from catchments with the appropriate geological, morphological, and sediment supply conditions. Tributary fan building proceeds over subsequent years with limited interaction with the low flow River Dades. During the rare (N10 year) regional Atlantic trough events, the entire catchment becomes active. The elevated discharge in the River Dades results in valley bankfull widths that remove/rework tributary fans. Waning and post-flood periods from these large events would then allow the ephemeral tributary fans to rebuild until reset by the next regional low frequency, high magnitude event. This 'build and reset' conceptual model explains the morphometric residual pattern of small and low gradient fans, where fans are not able to build to their equilibrium size (area) and surface gradient with respect to the catchment characteristics because of resetting by the trunk valley drainage. This model is a conceptual one and warrants further exploration including more detailed analysis of climate and flood hydrology data, along with detailed field survey of the fans immediately following a N10 year flood event that resets the trunk valley. Schick and Lekach (1987) described a similar situation from the hyperarid Sinai Desert in Israel, but based only on the study of a single ephemeral tributary-junction fan that blocked its ephemeral trunk valley, building a lake upstream which subsequently failed. Our study complements and contrasts with that of Schick and Lekach (1987) by (i) providing a greater spatial perspective of tributary-junction fan building through analysis of a larger area that includes many fan, and nonfan-generating tributary catchments and by (ii) providing a different climate and more marked topographic perspective where ephemeral tributary streams interact with perennial trunk drainage in a higher relief setting.
Finally, although the model is based upon recent climate-discharge observations from the study area, the concept is probably valid for the Holocene and Pleistocene interglacials, acknowledging that climaterelated humidity-aridity variations occurred and that these would impact upon flood discharge frequency and magnitude variations. A very different climate-flood discharge-sediment yield relationship would exist between the tributaries and trunk drainage during the Pleistocene glacials when excess sediment supply appears to have created coeval large tributary fans (Fig. 4E ) and extensive valley floor aggradation.
Conclusions
Analysis of 186 tributary catchments to the River Dades in the distal part of the fold-thrust belt region of the High Atlas Mountains orogenic system has shown tributary junction alluvial fans are only generated from 29 (16%) of the catchments. Morphologically, these fan-generating catchments have higher relief, longer lengths, lower gradients, and larger areas than nonfan-generating catchments with clear lower and upper threshold values. Whilst geologically, the fan-generating catchments are dominated by weak bedrock with tributary channel sediment supply and storage enhanced by fold-limb related dip of the bedrock geology. The tributary fans primarily build by debris-flow processes either into open valleys where they possess a lobate morphology or confined canyon settings where fans are commonly trimmed by the River Dades. The trunk drainage valley morphology is a function of rock strength, with strong limestone-dominated bedrock-forming canyons whose stepped canyon wall morphology can suppress tributary drainage development and sediment supply to the trunk drainage and tributary fan. Morphometric analysis of catchment (area, relief, length, gradient), tributary fan (area, gradient, process), and trunk valley (width) variables reveals weak relationships, highlighted by residual analysis that shows a dominance of fans with undersized areas and lower than expected gradients. These relationships can be explained by integration of (i) catchment bedrock geology in terms of rock strength, structure and storage, (ii) trunk drainage valley morphology, width and proximity of the perennial River Dades to the ephemeral fan building tributary junctions, and (iii) the local and regional climate variability and its relationship to tributary stream and trunk drainage flood regime. Collectively these manifest in a build and reset model where tributary fans build progressively during annual winter-spring storm events until they are reset by rare large floods by the River Dades. The climate, rock strength, and morphological controls mean that the fans are attempting to build towards an equilibrium form but never achieve through a combination of trunk valley resetting and catchment sediment yield variability, providing important insights into sediment-geomorphic system coupling/connectivity.
